Abstract: Lysophosphatidylcholine (LPC) is a bioactive proinflammatory lipid generated by pathological activities. LPC is also a major phospholipid component of oxidized low-density lipoprotein (Ox-LDL) and is implicated as a critical factor in the atherogenic activity of Ox-LDL. LPC is believed to play an important role in atherosclerosis and inflammatory diseases by altering various functions in a number of cell-types, including endothelial cells, smooth muscle cells, monocytes, macrophages, and T-cells. LPC activates several second messengers --including protein kinase C, extracellular-signal-regulated kinases, protein tyrosine kinases, and Ca 2+ --implicating the engagement of transduction mechanisms in its observed actions. Moreover, recent evidence suggests that in several cell-types, cloned orphan G-protein-coupled receptors may serve as the specific receptors via which LPC modulates second messenger pathways (although LPC may not be a direct ligand of such receptors). In addition, current evidence suggests that LPC impairs the endothelium-dependent relaxations mediated by endothelium-derived relaxing factors and directly modulates contractile responses in vascular smooth muscle. However, despite all this, and although elevated levels of LPC have been linked to the cardiovascular complications associated with atherosclerosis, ischemia, and diabetes, the precise pathophysiological roles played by LPC in several states remain to be established. In this review, we focus in some detail on the entirety of the signal-transduction system for LPC, its pathophysiological implications, and the vascular abnormalities associated with it.
INTRODUCTION
Atherosclerosis, recognized as the main cause of death in industrial countries, is a disease of the blood vessel wall (involving lipid accumulation, chronic inflammation, cell death, and thrombosis) that can lead to heart disease and stroke [1] [2] [3] [4] . Although elevated cholesterol levels are a recognized risk factor for atherosclerosis, a growing body of evidence suggests that oxidation of low-density lipoprotein (LDL) is an important, if not obligatory, event in this condition [5] [6] [7] . Until recently, oxidized LDL (Ox-LDL) was assumed to yield a final product responsible for several of the reactions involved in atherogenesis [8] . However, the accumulation of several oxidized phospholipids and lysophosphatidylcholine (LPC) has been reported in experimental models of atherosclerosis, raising the prospect of their involvement in proinflammatory processes *Address correspondence to this author at the Department of Physiology and Morphology, Institute of Medicinal Chemistry, Hoshi University, Shinagawa-ku, Tokyo 142-8501, Japan; Tel/Fax: +81-3-5498-5856; E-mail: kamata@hoshi.ac.jp in vivo [9] [10] [11] . Research in this field has been confounded by the complexity of phospholipid biochemistry, the paucity of animal models of human atherosclerotic vascular diseases, and the difficulty of establishing a causal link between specific lipid mediators within the vessel wall and clinical events. Although the clinical and pathological manifestations of atherosclerotic vascular diseases cover a wide range, inflammation is common to all stages of these diseases, and various bioactive lipid mediators are associated with such inflammation in various cells [2-4, 8, 12-18] . The purpose of this article is to review what is known about LPC, and the inflammatory and vascular abnormalities associated with it.
Metabolism of LPC and its Properties
LPC (1-acyl-sn-glycero-3-phosphocholine, also called lysolecithin) is an important lipid molecule in mammalian tissues (Fig. (1) ). Over the past 20 years, abundant evidence has accumulated of direct proinflammatory and atherogenic effects of LPC. Although 
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Fig. (2).
A: Hydrolysis of oxidized phospholipids by Lp-PLA2. The increase in LPC content is the result of two sequential events: oxidation and fragmentation of the sn-2 residues of phosphatidylcholine (PC), followed by hydrolysis of the shortened fatty acyl residues by LDL-associated Lp-PLA2. This results in the generation of two bioactive lipid mediators, LPC and oxidized nonesterified fatty acids (NEFA), which are proposed to play important roles in both the homing of inflammatory cells into lesion-prone areas and local increases in inflammatory mediators. B: Pathways for catabolism of monoacyl LPC. LPC catabolism occurs through a disproportionation reaction involving two LPC molecules catalyzed by cytosolic lysophospholipase-transacylase to form PC and glycerophosphorylcholine (GPC) (pathway 1), a hydrolytic pathway catalyzed by lysophospholipase to yield GPC and fatty acid (FA) (pathway 2), and a reacylation pathway to form PC, catalyzed by LPC:acyl-CoA acyltransferase (pathway 3).
LPC constitutes only 1-5% of the total phosphatidylcholine (PC) content of non-Ox-LDL, as much as 40-50% of the PC contained within the LDL molecule is converted to LPC during LDL oxidation via two different pathways [19] . The circulating LPC is generated predominantly by the activity of lecithin-cholesterol acyltransferase (LCAT), which transfers a fatty acid from PC to cholesterol [20, 21] . Higher LCAT activity has been observed in the plasma of atherosclerotic patients with a higher concentration of LPC [22] suggesting that LCAT may be an important factor in the production of LPC in these patients. Moreover, phospholipase A 2 (PLA 2 ) hydrolyzes PC, simultaneously generating a molecule of LPC and one of arachidonic acid [23, 24] .
Recent evidence has established central roles in atherogenesis for two phospholipases: namely, secretory PLA 2 (sPLA 2 ) [25] and lipoprotein-associated PLA 2 (Lp-PLA 2 , alternatively termed platelet activating factor (PAF)-acetylhydrolase (PAF-AH)) [11, 26, 27] . sPLA 2 is Ca 2+ -dependent and hydrolyzes the sn-2 acyl group of the glycerophospholipids in lipoproteins and cell membranes to yield LPC and free fatty acids. It is also implicated in isoprostane production from oxidized phospholipids. sPLA 2 , an acute-phase reactant that is upregulated by inflammatory cytokines, may represent a new independent risk factor for coronary heart disease. In contrast to sPLA 2 , Lp-PLA 2 is Ca 2+ -independent, and it is specific for short acyl groups at the sn-2 position of the phospholipid substrate. Lp-PLA 2 can also hydrolyze oxidized phospholipids to generate LPC and oxidized fatty acids (Fig. (2) ). Thus, Lp-PLA 2 plays key roles in the degradation of proinflammatory oxidized phospholipids and in the generation of LPC and oxidized fatty acids. Indeed, circulating Lp-PLA 2 is a marker of inflammation that plays a critical role in atherogenesis, and its inhibition may have anti-atherogenic effects [28, 29] . LPC accumulation reflects increased production via PLA 2 -catalyzed PC hydrolysis or decreased LPC catabolism, or via a combination of both processes. Catabolism of LPC occurs through three different pathways mediated by separate enzymes [30, 31] (Fig. (2) ). From numerous reports, there is evidence that the level of LPC in the blood is elevated in a variety of pathophysiological states, such as asthma [32] , atherosclerosis [22, 33] , diabetes [34] [35] [36] , hyperlipidemia [19, 37] , ischemia [23] and obesity [38] .
The physiological concentrations of LPC in body fluids, including blood and ascitic fluid, are very high [39, 40] . In addition, LPC may lyse cells at high concentrations due to its detergent-like properties [41] . The LPC molecule is wedge-shaped, consisting of one long hydrophobic fatty acyl chain and one large hydrophilic polar choline headgroup, attached to a glycerol backbone (Fig. (1) ). The amphipathic nature of LPC gives it surfactant-and detergent-like properties. At low concentrations, LPC exists as single molecules in solution. However, when its concentration exceeds the critical micelle concentration, LPC can form small micelles, each composed of approximately 180 molecules [42] . Although single LPC molecules can insert readily into the outer layer of the cell membrane, they do not seem to flip quickly into its inner layer [43] . However, micelles formed from LPC may fuse with cell membranes to disturb membrane conformation, and perhaps lyse cells [44] , and the detergent effect of LPC is mostly exerted by LPC-produced micelles. Numerous lines of evidence have been accumulated against a simple nonspecific membrane-damaging effect of LPC, and although the transmembrane signal transduction induced by LPC has been studied in many cellular systems it has been suggested that a specific membrane LPC may not exist [45] . In fact, at physiological concentrations if all the LPC were in an active form able to interact with its receptors, the entire population of LPC receptors would be saturated and/or downregulated. A characteristic of LPC is that it is reversibly bound to albumin, erythrocytes, or lipoproteins in the circulation [46] [47] [48] . Albumin acts as a reservoir for LPC, effectively controlling LPC bioavailability. Thus, the functionally available concentrations of LPC in vivo may be controlled by a balance between different forms of LPC, including the free form, the albuminbound form, other lipoprotein-bound forms, and/or potentially unidentified forms.
INFLAMMATORY AND VASCULAR ABNORMALITIES ASSOCIATED WITH LPC
LPC is believed to play important roles in atherosclerosis and inflammatory diseases by altering various functions in a number of cell-types, including endothelial cells (ECs), smooth muscle cells (SMCs), monocytes, macrophages, and T-cells (Fig. (1) , Table 1 ). Some of the proatherothrombotic effects of lipoproteins have been attributed to the inflammatory effects of LPC, including: a) induction in ECs of adhesion molecules and chemoattractants, b) stimulation of migration and proliferation in vascular SMC (VSMC), c) inhibition of endothelial migration after injury (Fig. (3) ), and d) disturbances of vascular tone (Fig. (4) ). Recently, LPC has been shown to bind to G-protein-coupled receptors (GPCRs) in lymphocytes and a number of tissues, including the aorta, and thereby to induce receptor internalization, mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (MEK/ERK) activation, and chemotaxis. In these ways, LPC can trigger signaltransduction cascades involved in the initiation and development of atherosclerosis. In this section, we review these LPC-induced responses and cellular mechanisms in detail.
LPC and Inflammatory Responses
Recent research has shown that inflammation plays key roles in coronary artery disease and other manifestations of atherosclerosis. Immune cells dominate early atherosclerotic lesions, their effector molecules accelerate progression of the lesions, and activation of inflammation can elicit acute coronary syndromes [3] . Atherosclerotic lesions (atheromata) are asymmetric focal thickenings of the innermost layer of the artery, the intima [3] . They consist of various cells, connective-tissue elements, lipids, and debris [71] . Bloodborne inflammatory and immune cells constitute an important part of an atheroma, the remainder being vascular ECs and SMCs. The atheroma is preceded by a fatty streak, an accumulation of lipidladen cells beneath the endothelium. Most of the cells found in the fatty streak are macrophages, together with some T-cells. In the center of an atheroma, foam cells and extracellular lipid droplets form a core region, and this is bounded by a cap of SMCs and a collagen-rich matrix. T-cells, macrophages, and mast cells infiltrate -dependent PLA2 enzymes, and arachidonic acid release [50, 51] Functional responses: increased chemotaxis [52, 53] Cytotoxicity: increased cellular permeability and apoptosis [54] T-lymphocytes Formation of inflammatory mediators: upregulation of cytokines (IL-2, IFN-, and ROS) [55, 56] Functional responses: increased chemotaxis [49] Cytotoxicity: increased apoptosis [57] Endothelial cells Homing of inflammatory cells: upregulation of adhesion molecules (ICAM-1/VCAM-1), P-selectin, and MCP-1 [58] [59] [60] Formation of inflammatory mediators: activation of Ca
2+
-dependent PLA2 enzymes, upregulation of COX-2 and arachidonic acid release [61] Functional responses: impaired proliferation/migration and reduced NO-and EDHF-mediated vasodilation [19, [62] [63] [64] [65] Cytotoxicity: increased apoptosis [66] Smooth muscle cells Homing of inflammatory cells: upregulation of MCP-1 [67] Oxidative stress: NAD(P)H oxidase activation [68] Functional responses: upregulation of growth factors and increased proliferation and migration [50, 69] Cytotoxicity: increased apoptosis [70] N o t F o r D i s t r i b u t i o n the lesion and are particularly abundant in the shoulder region, where the atheroma grows [71] . Many of the immune cells exhibit signs of activation and produce inflammatory cytokines [3] .
Accumulation of monocyte-derived foam cells in focal areas of the arterial intima is one of the key events in early atherogenesis. In several animal models of atherosclerosis, localized attachment of circulating monocytes to the arterial endothelium appears to precede the formation of early foam-cell lesions [2, 72] . Although the molecular mechanisms are not completely understood, monocyte recruitment into these early lesions may involve changes in the endothelial adhesiveness of the monocyte as well as the local generation of soluble vessel wall-derived monocyte chemoattractants, such as monocyte chemoattractant protein (MCP-1) (see below) ( Fig. (3) ). Activated ECs express several types of leukocyteadhesion molecules, and these cause blood cells rolling along the Fig. (3) . LPC and atherosclerosis. Native LDL becomes trapped in the subendothelial space, where it can be oxidized by resident vascular cells, such as smooth muscle cells (SMCs), endothelial cells (ECs), and macrophages. Oxidative and enzymatic modifications of LDL lead to the release of inflammatory lipids, including LPC, and these alter the functions and properties of ECs, monocytes/macrophages, T-lymphocytes, and SMCs. The normal arterial EC resists prolonged contact with leukocytes. However, when ECs undergo inflammatory activation, they increase their expression of various leukocyte adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). Having adhered to the activated endothelial layer, the monocyte then undergoes diapedesis between intact ECs to penetrate into the tunica intima (innermost layer of the arterial wall). Various chemokines seem to participate in this process, particularly monocyte chemoattract protein-1 (MCP-1) by interaction, with its receptor CCR2. Once resident within the intima, the monocyte acquires the characteristics of a tissue macrophage. In atheroma in particular, the macrophage expresses scavenger receptors that bind internalized modified lipoprotein particles. These processes give rise to the arterial foam cell, a hallmark of arterial lesions. The foam cell secretes proinflammatory cytokines which amplify the local inflammatory response within the lesion as well as reactive oxygen species (ROS). Macrophages may die in this location, some by apoptosis, hence producing the necrotic core of the atherosclerotic lesion. In addition, once resident in the arterial intima a T-cell may encounter antigens such as oxidized-LDL (Ox-LDL), and then produce cytokines that can influence the behavior of other cells present within the atheroma. In the SMC, LPC can induce oxidative stress, adhesion molecules, release of inflammatory cytokines, and chemokines, thereby leading to SMC hypertrophy, migration, and inflammatory responses. Numbering of the different points (1~9) where LPC has effects refers in the text. Fig. (4) . LPC-induced abnormalities of vascular tone (through both decreased endothelium-dependent relaxation and augmented smooth muscle contraction). Arg, arginine; EC, endothelial cell; EDHF, endothelium-derived hyperpolarizing factor; eNOS, endothelial nitric oxide synthase; ERK, extracellular signalregulated kinase; G, G-protein; NO, nitric oxide; PKC, protein kinase C; PLD, phospholipase D; PTK, protein tyrosine kinase; R, receptor; ROK, Rho-kinase; SMC, smooth muscle cell. Numbering of the different points (1~9) where LPC has effects refers in the text. vascular surface to adhere at the site of activation [2, 3, 73] . In vitro studies have identified three molecules --intercellular adhesion molecule-1 (ICAM-1) [74] , E-selectin [endothelial-leukocyte adhesion molecule-1 (ELAM-1)] [75] , and vascular cell adhesion molecule-1 (VCAM-1) [76] --on the endothelial surface that are inducible and thereby support the adhesion of various leukocytes, including monocytes [13, 77] . Moreover, P-selectin, a member of the selectin family, is rapidly translocated from platelet -granules and EC Weibel-Palade bodies to their respective cell surfaces after activation by inflammatory mediators [78] . P-selectin is now known to be largely responsible for the first step in leukocyte-endothelial interaction (i.e., rolling), thus facilitating polymorphonuclear leukocyte activation and adherence [79] . LPC is also a chemotactic factor for human monocytes (point 1 in Fig. (3) ) [33] . At non-toxic concentrations, LPC can selectively upregulate the expression of certain inducible endothelial leukocyte-adhesion molecules, in particular VCAM-1 and ICAM-1, in cultured human and rabbit ECs, thus suggesting a potential role in leukocyte recruitment [58] (point 2 in Fig. (3) ). Moreover, in the rat mesenteric microvasculature in vivo, LPC induces leukocyte rolling and adherence by increasing the surface expressions of P-selectin and ICAM-1, effects that may be attributable to reduced nitric oxide (NO) release since inhibition of endothelial NO release promotes P-selectin expression [60] .
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Another important proatherogenic molecule is MCP-1 [16] . MCP-1 is an immediate early gene and is induced by growth factors and inflammatory cytokines [80] . MCP-1, which recruits monocytes (precursors of foam cells) into the arterial wall [72] , has been shown to mediate Ox-LDL-induced monocyte chemotaxis in cocultures of VSMCs and ECs [81] . In mouse models of atherosclerosis, a deficiency of MCP-1 [82, 83] or its receptor, CCR2 [84] , has been reported to lead to a ~50-80% reduction in lesion size, while overexpression of MCP-1 has been found to accelerate atherosclerosis progression [85] , thereby providing direct evidence of the pathophysiological importance of MCP-1. LPC-induced monocyte chemotaxis could result from the direct chemotactic effect of LPC detected in vitro [33] . However, an indirect mechanism involving MCP-1 induction is still a quite important possibility because of the central role that MCP-1 plays in atherogenesis [82, 83, 85] , and this may represent a final common pathway for many proatherogenic factors. LPC has been reported to induce an increase in MCP-1 mRNA levels and stimulate the release of MCP-1 protein from human vascular ECs [59, 86] (point 3 in Fig. (3) ), and the effect of
LPC on the MCP-1 gene may be mediated through activation of the protein kinase C (PKC) pathway [59] . In addition to ECs and macrophages, VSMCs are another major source of MCP-1 within the vessel wall [67, 87] . In VSMCs, LPC stimulates MCP-1 expression at the transcriptional level [67] , and this induction of MCP-1 expression partially involves MEK/ERK, a tyrosine kinase(s), and (to a lesser extent) PKC, but not activation of the platelet derived growth factor (PDGF) receptor [67] . Since LPC is a major component of Ox-LDL (see above), further elucidation of the pathways by which LPC induces MCP-1 production will increase our knowledge of the molecular mechanisms responsible for the potent atherogenic effects of this modified lipoprotein.
Effects of LPC on Monocytes/Macrophages
Monocytes recruited through the activated endothelium differentiate into macrophages (Fig. (3) ). A cytokine or growth factor produced in the inflamed intima (namely, macrophage colonystimulating factor) induces the monocytes entering the plaque to differentiate into macrophages. This step is critical for the development of atherosclerosis [2, 88] . The uptake of modified LDL particles (e.g., Ox-LDL) through scavenger receptor(s) appears to contribute to intracellular lipid accumulation and transformation of these macrophages into foam cells. In the process of foam-cell formation, LPC induces further scavenger-receptor expression on the surface of the macrophage [89] (point 4 in Fig. (3) ). In this way, LPC augments foam-cell formation (point 5 in Fig. (3) ). Moreover, the macrophages within an atheroma secrete a number of growth factors and cytokines involved in lesion progression and elaboration [4, 88] , and they also replicate within the intima [88] . LPC is involved in the production of these factors by macrophages ( Table 1) . For instance, it stimulates interleukin-1 beta (IL-1 ) production by monocytes in a dose-and time-dependent manner at both protein and mRNA levels [52] . The acyl-chain length of LPC is important for this stimulating effect, no effect being evident when the acylchain is less than C16. Saturation is also important, since LPC 18:0 reportedly has a much more powerful effect than LPC 18:1 [52] . IL-1 , which has been found within human and monkey atherosclerotic lesions [4] , is potent at altering endothelial-cell function and regulating VSMC mitogenesis, and it plays a role in the recruitment of leukocytes into the subendothelial space. This may lead to a positive feedback mechanism between LPC and IL-1 that serves to sustain the inflammatory process.
Effects of LPC on T-Cells
Activated T-lymphocytes are found in early and late atherosclerotic lesions, constituting up to 30% of the cells within the lesion, and they may react to modified LDL. Global T-cell suppression by cytotoxic agents affects the progression of atherosclerosis, whereas the atherosclerotic plaque provides co-stimulatory signals generally required for adequate T-cell stimulation and for the mediation of cellular immune mechanisms [88] . The early and late stages of lesion development are associated with T-lymphocyte infiltration, and with immune activation of both their cytokine production and the humoral response to antigens (Fig. (3) ). More than two-thirds of the T-lymphocytes within atherosclerotic plaques have been identified as memory (CD45O+) T-cells [90] . Nonactivated CD4 T-cells are also found within such plaques, although their role is unknown. It appears that CD4 T-cell functions may be modulated directly by oxidized epitopes and chemokines. Treatment of anti-CD3-activated CD4 T-cells with LPC has been shown to enhance the expressions of CD40 ligand (CD40L) [91] and cytokine-induced interferon gamma (IFN-) [55] in vitro in the absence of antigenpresenting cells (point 6 in Fig. (3) ). CD4 T-cells express CXCR4, a member of the CXC chemokine-receptor family. Stromal cellderived factor-1 (SDF-1), an exclusive ligand for CXCR4, is highly expressed in atherosclerotic lesions [73, 92] , and is a chemoattractant for CD4 T-cells and a stimulator of chemotaxis in vitro [93] . SDF-1 has been shown to enhance both cell-membrane CD40L expression and the production of the inflammatory cytokines IFNand IL-12 in anti-CD3-activated CD4 T-cells [94] . In human CD4 T-cells, LPC upregulates CXCR4 [56] , an effect that can be suppressed by inhibition of nuclear factor-B (NF-B) signaling or by suppression of the expression of G2A, the putative receptor for LPC (see below). Moreover, LPC enhances the CD4 T-cell chemotaxis seen in response to SDF-1, as well as the SDF-1-stimulated production of the inflammatory cytokines IL-2 and IFN- [56] . Thus, the presence of LPC and SDF-1 within atherosclerotic lesions may trigger inflammatory responses mediated by CD4 cells, and these may play an important role in the progression of atherosclerosis.
Effects of LPC on ECs
Atherosclerosis is associated with alterations in a variety of endothelial functions [2, 5, 8, 40, 88] . The pro-inflammatory effects of LPC in ECs have been widely described (point 7 in Fig. (3) ) ( Table  1 ). In fact, LPC can induce expressions of ICAM-1, VCAM-1, Pselectin, plasminogen activator inhibitor-1, MCP-1, cyclooxygenase-2 (COX-2), endothelial nitric oxide synthase (eNOS), and growth factors in ECs ( Table 1 ) [95] [96] [97] [98] [99] [100] [101] . COX-2, one of two isoforms that catalyze the formation of prostaglandins from arachidonic acid, has been detected in macrophages, SMCs, and ECs within human atherosclerotic lesions [102] . Several studies have also found that COX-2 is involved in the destabilization of atherosclerotic plaques, leading to rupture and atherothrombotic syndromes [102] . Induction of COX-2 expression leads to the extracellular secretion of prostanoids, which then stimulate cell growth [103, 104] .
eNOS plays a crucial role in blood-pressure homeostasis and maintaining in vascular integrity [16, [105] [106] [107] . LPC has been shown to stimulate the EC production of reactive oxygen species (ROS) [108, 109] and to increase eNOS expression via enhanced transcription [96, 101, 110] . Deletion analysis of a human eNOS promoter-luciferase construct led to Sp1 sites at -104 to -90 and PEA3 sites at -40 to -24 being identified as factors in LPC-induced promoter activity [110] . Gel-shift assays have revealed that LPC augments Sp1-binding activity [110] . Subsequent analysis of the signaling events involved in the stimulatory effects of LPC on promoter activity revealed a PI-3K -related pathway [111] . In this pathway, PI-3K activates JAK2, which in turn activates MEK1. MEK1 then stimulates the binding of Sp1 to the eNOS promoter through activation of ERK1/2, and subsequently increases protein phosphatase 2A activity [110, 111] . During the last few years, it has become clear that ROS produced in mammalian cells can serve physiological roles as signaling molecules, although when produced in excess they can participate in the initiation of disease. Increased expression of eNOS may represent a compensatory mechanism to preserve biological levels of NO in the face of increased ROS production. This compensatory mechanism may explain the observations of increased eNOS levels and NO production in certain pathophysiological states, such as hypertension [112] , atherosclerosis [113] , and some models of diabetes [114] .
Conceivably, LPC could induce gene transcription for a great variety of molecules expressed in the endothelium of atherosclerotic arteries. For example, LPC activates PKC [115, 116] , which leads to expression of ICAM-1 in isolated porcine coronary arterial endothelium [117] . The promotor regions of the LPC-inducible genes in ECs have several binding sites for transcription factors such as NF-B and activator protein-1 (AP-1), and the activities of NF-B and AP-1 are known to be in part modulated by the PKC signal-transduction system [118, 119] . Thus, LPC could regulate the DNA-binding activities of these transcription factors through the mechanism(s) involved in a PKC-mediated pathway, leading to the induction of a number of the endothelial genes implicated in atherosclerosis. Indeed, LPC can induce biphasic regulation of NF-B activity in human vascular ECs, and this effect is partly mediated through a PKC-dependent pathway [120] . LPC could play an
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important role in the pathogenesis of atherosclerosis by modulating the expressions of some endothelial genes through a regulation of the activation of the transcription factors NF-B and AP-1 in atherosclerotic arterial walls.
Effects of LPC on VSMCs
Transformation of VSMCs from a contractile phenotype to a proliferative/secretory phenotype is a hallmark of atherogenesis [121] . Vascular-wall remodeling, manifest as increases in proliferation and apoptosis, is an important step --in combination with an increase in the synthesis and release of inflammatory cytokines --in the generation and maintenance of the atherosclerotic plaque [13, 16] . LPC stimulates the productions of IL-6, IL-8, and granulocytemacrophage colony stimulating factor (GM-CSF) in human coronary artery SMCs [122] . The IL-6 secreted from VSMCs makes an important contribution to inflammation, in part by inducing B-cell differentiation, T-cell activation, and the synthesis of such acutephase proteins as C-reactive protein (CRP) and fibrinogen in the liver [16] . IL-6 also increases SMC proliferation in a PDGFdependent manner [16] . IL-8, which is predominantly released by macrophages and ECs, has multiple effects, including neutrophil chemotaxis, activation of 5-lypoxygenase, and the release of cell matrix-resorbing gelatinase and elastase. Stimulation of IL-6 and IL-8 release by LPC in SMCs could represent a pleiotropic role for LPC in atherogenesis, by stimulating both inflammatory (e.g., chemotaxis and lipoxygenase activation) and remodeling pathways (e.g., proliferation and matrix protease activity) in multiple celltypes within the vascular wall. The proliferative effect of LPC in SMCs is also due to the autocrine actions of basic fibroblast growth factor-2 (FGF-2) upon its release in response to LPC stimulation [123] . This raises an interesting potential role for LPC as a mediator of vascular-wall remodeling in atherosclerosis, involving stimulation of both inflammation and cell proliferation (point 8 in Fig. (3) ).
LPC and Apoptosis
The development of the atherosclerotic plaque depends upon the balance between the mitosis and death of both the resident cells and those recruited into the lesion. Over the past few years, a role for programmed cell death in the pathogenesis of atherosclerosis has been clearly demonstrated. Disruption of the normal apoptotic process may lead to immune dysregulation, chronic local inflammatory responses, and/or rupture of complex atherosclerotic plaques [124] . It has recently been discovered that LPC functions as a major mediator in both inflammation and apoptotic cell death, with recognized effects on multiple immune cell-types (point 9 in Fig. (3) ). The leading role of LPC as an attraction signal in the process of programmed cell death has been shown by Lauber et al. [125] , who found that the disposal of apoptotic cells is initiated by the secretion of LPC as a chemotactic signal that induces the recruitment of phagocytes. Moreover, Zurgil et al. [57] suggested that LPC triggers apoptosis in activated peripheral blood lymphocytes, in association with an increased generation of reactive oxygen species (ROS) and an increase in the Bax/Bcl-2 ratio. Actually, LPC induces apoptotic cell death not only of lymphocytes, but also of other cells (Table 1 ) (point 9 in Fig. (3) ). Treatment of ECs with LPC stimulates several intracellular signaling events: activation of caspase-3, Ca 2+ influx, phosphorylation of MAP kinases, and production of ROS, all of which can lead to apoptosis [126] . Moreover, a novel interaction between LPC and pro-apoptotic Bid protein has been shown to prime mitochondria for the release of apoptogenic factors [127] .
All the evidence -including the reported effects of LPC on such cells as ECs, VSMCs, monocytes/macrophages, and T-cells --implies that LPC may play an active role in atherogenesis, and moreover that the selective inhibition of LPC could represent a novel strategy for the inhibition of the progression of atherosclerosis.
LPC and Vascular Tone
LPC and Endothelial Dysfunction
Several lines of evidence suggest that endothelial dysfunction plays a key role in the development of both macro-and microangiopathy in patients with such inflammatory-associated diseases as atherosclerosis, hypercholesterolemia, and diabetes, and in animal models of these diseases [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] . The endothelium controls vascular smooth muscle tone through the production of vasodilator mediators such as NO, prostacyclin (PGI 2 ), and a still-elusive endothelium-derived hyperpolarizing factor (EDHF) [135, 138, 142, 143] . Current evidence suggests that LPC inhibits endotheliumdependent relaxations (EDRs) mediated by endothelium-derived relaxing factors, and it is likely that LPC causes vascular spasm [65, 115, 117, 144, 145] (Fig. (4) ). Indeed, we and others have demonstrated that the EDR induced by ACh is greatly attenuated by pretreatment with LPC [65, 145, 146] . Some years ago, Kugiyama et al. [115] found that LPC inhibited thrombin-induced inositol triphosphate (IP 3 ) production and attenuated [Ca 2+ ]i elevations in human umbilical vein endothelial cells (HUVECs), and they also found that thrombin-induced EDR in aorta was inhibited by LPC. In addition, Murohara et al. [147] reported that LPC elicited a further contraction on top of the plateau contraction evoked by prostaglandin F 2 in the pig coronary artery; they suggested that this additional contraction was caused by LPC-mediated inhibition of endothelium-derived NO release. Furthermore, Cowan and Steffen [148] found that in rabbit abdominal aorta, LPC inhibits the EDRs mediated by NO and EDHF in a manner independent of PKC activation. Fukao et al. [64] noted that in the rat mesenteric artery, LPC specifically inhibits the hyperpolarization and relaxation due to EDHF (versus the relaxation due to endothelium-derived NO). Although these results suggested that LPC might cause endothelial dysfunction via a reduced production of and/or impaired signaling by endothelium-derived relaxing factors (i.e., NO and EDHF), several reports have suggested that the LPC-mediated impairment of EDR can be attributed to interventions in several signaling pathways (Fig. (4) ). For instance, LPC impairs high-affinity arginine transport in ECs, thereby disrupting arginine uptake [149] (point 1 in Fig. (4) ) and also blocks G-protein-dependent signaltransduction pathways by selective uncoupling of the receptor from the G-protein [150] (point 2 in Fig. (4) ). LPC has been found to stimulate phospholipase D (PLD) activity in human cultured EC [151] (point 3 in Fig. (4) ), while in isolated blood vessels a close association has been documented between the ability of LPC (and other mediators) to stimulate vascular PLD activity and inhibit EDR [152] . LPC may also affect endothelial function by stimulating the endothelial PKC pathway [153] (point 4 in Fig. (4) ), which causes sustained vasoconstriction upon stimulation by agonists such as phenylephrine, angiotensin, and thrombin. PKC is also associated with increased superoxide production [154, 155] , which may interfere with NO bioavailability. Indeed, LPC can activate endothelial NAD(P)H oxidase, thereby enhancing superoxide production [155] . Future studies will be required to elucidate the mechanism underlying LPC-induced endothelial dysfunction.
LPC and Vascular Smooth Muscle Tone
It is known that LPC acts directly on vascular smooth muscle to affect vascular tone. Exposure to LPC causes Ca 2+ influx in cultured VSMC [156] [157] [158] [159] (point 5 in Fig. (4) ). It has also been reported that in the rat permeabilized small mesenteric artery, LPC increases Ca 2+ sensitivity via PKC activation [160] (point 6 in Fig.  (4) ), while in the rat isolated perfused mesenteric arterial bed, LPC potentiates phenylephrine responses through a modulation of thromboxane A 2 [161] . In addition, we found in the rat endothelium-denuded aorta that while LPC did not itself produce contraction, it potentiated the vascular contractile responses induced by high-K + , UK14,304
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quinoxaline) (a selective 2 -adrenoceptor agonist), and phorbol ester [162] . Since LPC markedly potentiated the UK14,304-induced contraction, and the UK14,304-induced response was strongly inhibited by PKC inhibitors [162] , it would seem that LPC potentiates the elevation of [Ca 2+ ]i induced by PKC activation in the rat aorta, and it may selectively potentiate the -adrenoceptor-stimulated contraction mediated by PKC activation. In that study, LPC was still able to potentiate the high K + -induced contraction in PKC inhibitor-treated tissues, suggesting that PKC-independent mechanisms are also involved in the enhancing effect of LPC on smooth muscle contraction in the rat aorta.
It is well known that the protein tyrosine kinase (PTK) and ERK (a subfamily of MAPK) pathways are implicated in a wide range of cellular functions, including cell growth, differentiation, proliferation, and vascular contraction [163] [164] [165] [166] . It has been shown that LPC has a mitogenic effect on VSMCs [156, 167, 168] and that activation of membrane or cytoplasmic PTKs may play a key role in LPC-induced mitogenic-signaling responses [169] . Moreover, Ozaki et al. [170] reported that in bovine aortic ECs, LPC activates the ERK-and c-jun N-terminal kinase (JNK)-MAPK cascade via a PTK-dependent pathway. Indeed, several studies have demonstrated that in a number of vessels, 2 -adrenoceptor-mediated vasoconstriction occurs through activation of ERK2 [165, 170] . Our previous studies [171, 172] demonstrated that LPC potentiates contractile responses in the endothelium-denuded aorta via activation of PTKs and/or ERK, which in turn regulates Ca 2+ influx, and we reported elsewhere that PD98059 (an inhibitor of ERK) markedly attenuated the contraction and ERK2 activity induced by UK14,304 [173] (points 7 & 8 in Fig. (4) ). Moreover, the potentiating effects of LPC on UK14,304-induced contraction and ERK2 activity were also inhibited by PD98059. These results suggest that both the UK14,304-induced contraction and its modulation by LPC may be regulated via the ERK pathway.
It has become apparent in recent years that the effect of constrictor agonists may be explained not only by an elevation of [Ca 2+ ]i, but also by a decrease in the activity of smooth muscle myosin phosphatase (SMMP), with these two events leading ultimately to an increased phosphorylation of the myosin light chain [174] . Although the regulation of SMMP is not yet completely understood, SMMP has been identified as a target for Rho-kinase, which is regulated by the small GTP-binding protein, RhoA [174] , and stimulation of this signaling cascade (involving RhoA, Rhokinase, and SMMP) has been termed Ca 2+ -sensitization [174] . Ca 2+ -sensitization seems to be not only of major importance for the regulation of vascular tone, but to be critically involved in the development of vasospasm in large and small arteries [175, 176] . It has been demonstrated that mildly oxidized LDL can stimulate the RhoA/Rho-kinase pathway in ECs [177] . Moreover, Galle et al. [178] reported that LPC and/or OxLDL stimulate the RhoA pathway, resulting in a potentiation of angiotensin II-induced vasoconstriction (point 9 in Fig. (4) ).
Yeon et al. [179] observed that in rabbit coronary SMCs, LPC decreased the delayed rectifier K + current (I dk ), and that a PKC inhibitor suppressed the LPC-induced inhibition of I dk . There is other evidence to suggest that PKC inhibits I dk [180] , which determines the resting membrane potential in the rabbit coronary SMCs [181] , and that depolarization of the membrane potential by inhibition of I dk increases [Ca 2+ ]i by opening voltage-dependent Ca 2+ channels, leading to an increase in vascular tone [182] . Hence, an LPC-induced inhibition of I dk may be, at least in part, responsible for the abnormal vascular reactivity seen in the atherosclerotic coronary artery. Taken together, the above data suggests that LPC induces a dysregulation of vascular tone through the effects of several molecules in ECs and VSMCs.
LPC and Signal Transduction
As mentioned above, both the biological effects and the signaling properties of LPC have been studied in vitro in cells that are important in atherosclerosis, including ECs, SMCs, monocytes, and lymphocytes ( Table 1) . LPC can activate several second messengers --including PKC, PLC, PLD, ERKs, PTKs, and Ca 2+ [39, 62, 158, 169, 170, 183] --implicating the engagement of transduction mechanisms in the observed effects of LPC. Moreover, LPC activates the redox-sensitive transcription factors NF-B [120] and AP-1 [118] through the MAPK and PKC pathways. LPC is also known to enhance cAMP response element-binding protein (CREB)/activating transcription factor activity in ECs [184] . As mentioned above, LPC has been demonstrated to be atherogenic, but certain anti-atherogenic actions of LPC have also been reported [45, 185] . It will be important to determine whether this dual function of LPC is related to a) receptor-mediated vs. receptorindependent effects, or b) effects of LPC mediated via different types of proteins/receptors.
A few years ago, orphan GPCRs were identified as receptors for LPC, and it was reported that LPC binds to G2A and GPR4, two Gi-protein-coupled receptors, and thereby regulates both cell growth and immunologic responses [186-188; however, see below]. Rikitake et al. [189] demonstrated that G2A is abundantly expressed in monocytes/macrophages, and stimulation of macrophage and T-cell chemotaxis by LPC is mediated by G2A [190] [191] [192] . This might suggest that G2A promotes monocyte or T-cell recruitment into the arterial wall during atherogenesis. Further, Parks et al. found that in G2A -/-LDLR -/-mice, intimal macrophage accumulation at lesion-prone sites in the aorta was reduced in the absence of any detectable effect on T-cell recruitment, that and circulating high-density lipoprotein (HDL) cholesterol was increased after extended periods of Western-diet intervention. Thus, although G2A seems to provide a pro-atherogenic stimulus in vivo that is consistent with its chemotactic action, a pleiotropy of effects, including modulation of lipoprotein metabolism, may also contribute to its total effect [193, 194] . On the other hand, Hedrick and colleagues demonstrated in mice that an absence of G2A promoted monocyte/endothelial interactions in the aorta [195] , and that endothelial G2A expression may aid in the prevention of vascular inflammation and atherosclerosis.
Concerning GPR4, Lum et al. [196] found that while GPR4 mRNA was expressed in human vascular ECs, G2A was not. They therefore suggested that in ECs, GPR4 may be a potential GPCR by which LPC signals proinflammatory activities. Moreover, Qiao et al. [197] demonstrated that ECs infected with a retrovirus containing a small interference RNA (siRNA) affecting GPR4 exhibit ~50% less GPR4 expression, with a corresponding partial prevention of the following LPC-mediated effects: 1) decrease in transendothelial resistance, 2) stress-fiber formation, and 3) activation of RhoA. They suggested that the dysfunction of the endothelial barrier induced by LPC was regulated by the endogenous GPR4 within ECs, and suggested that GPR4 may play an important role in the inflammatory responses activated by LPC. Huang et al. [198] found that LPC, but not low pH, increased monocyte transmigration and RhoA activation, and that these LPC-mediated responses could be blocked by reducing GPR4 expression.
However, shortly after their first description as lipid receptors [186, 187] , crucial binding data could apparently not be reproduced, thus leading to the retraction of papers [186, 187] concerning GPR4 and G2A. Although no direct action of LPC towards these receptors has been demonstrated, it is possible that activation of G2A and GPR4 is involved in some way(s) in the complex mechanisms underlying the cardiovascular effects of LPC in several pathophysiological states. Although the physiological functions and endogenous expressions of putative LPC receptors, as well as their patho-
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logical implications for cardiovascular diseases, have yet to be fully elucidated, these receptors do seem to be associated in some way(s) with cardiovascular diseases. Future studies will be required for the identification of specific LPC receptor(s) and to establish the relevance of their signaling to pathophysiological states.
Reports have been made of transactivation of receptor tyrosine kinase (RTK) in response to stimulation of a number of GPCRs (e.g., transactivation of the epithelial growth factor receptor by GPCR ligands such as thrombin, angiotensin II, lysophosphatidic acid, and endothelin-1) [199, 200] . That LPC plays a role in the pathogenesis of atherosclerosis and systemic disease is well documented [201] , even though a putative specific cell-surface receptor for LPC was not identified until recently [156] . Although it still remains to be clarified which GPCRs are responsible for the action of LPC, Fujita et al. [202] recently found that LPC caused Flk-1/KDR transactivation in HUVECs. Since LPC has been implicated in pathological states in vascular ECs that may be related to the progressive pathological events of atherosclerosis, and since Flk-1/KDR activation is an important factor in atherogenesis [203] , LPC-induced Flk-1/KDR transactivation could well be a step in the pathological development of atherosclerosis.
The mechanisms by which LPC acts on several target molecules have not been completely elucidated. LPC is an amphiphile possessing a charged headgroup, like phospholipids, but it has only a single aliphatic hydrocarbon chain as a consequence of the hydrolytic cleavage of one of the two aliphatic hydrocarbon groups of phosphatidylcholine [204] . As an intermediate in the metabolism of phosphatidylcholine, LPC is present in a variety of mammalian tissues [205] , and it has several theoretical sites of action in cells. For example, LPC can readily incorporate into the sarcolemma, and incorporation of LPC into the membrane phospholipid bilayer results in a significant perturbation of the orderly packing of phospholipid molecules and an alteration of the normal conformation of integral membrane proteins, such as ion-channels [206] . Moreover, LPC may interact directly with target molecules such as ionchannel proteins. LPC has easy access to both the intracellular and extracellular sides of the membrane, and it may bind to channel proteins so as to alter the conductance of the channels. Indeed, a recent report suggested that LPC directly activates the TRPC5 calcium channel [207] . Moreover, LPC may indirectly modulate molecules through secondary intermediates, such as superoxide anions [108, 154] . Future detailed studies of the chemical requirements of such effects will resolve these issues. The above findings highlight the possible biological role of LPC and provide new molecular insights into the activation mechanisms by which LPC may affect cellular signaling pathways. Future research into the roles played by vascular signaling mechanisms in the vascular pathology of atherosclerosis and associated diseases should continue to focus on physiological and therapeutic means of inhibiting the LPC signal-transduction cascade.
CONCLUSIONS
There is now considerable evidence for a role of LPC in atherogenesis. In vitro studies have demonstrated that LPC has effects on vascular wall cells that could contribute to all stages of atherosclerosis. Determination of the pathophysiological functions of LPC and its receptors is of primary importance, particularly since they are likely to be involved in many important biological systems and processes, such as the cardiovascular system, immunology, and inflammation. The signaling mechanisms (receptor-mediated and/or receptor-independent signal transduction of LPC) have not yet been studied extensively. However, a better understanding of the regulation of LPC signaling, for example, may provide new insights into the mechanisms responsible for cardiovascular diseases and ultimately lead to novel therapeutic strategies with the potential to improve prognosis. 
